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FINAL  TECHNICAL  REPORT 


During  the  course  of  subject  contract  we  have  reported  on  (1) 

iuvivLand  COI?struct^on  of  pressure  measuring  instruments  and 
auxiiiary  equipment  for  studying  earthquake  aftershocks. 

Instruments  were  made  for  deployment  by  aircraft  and  by  surface 

Rrnl^'  (2l  De?lgn  and  construction  of  a  vibrating  string 
acceierometer  instrument  which  AEC  contractors  installed  on  a 

c ahl'G  h3ble  KSar  Amchltka  to  monitor  earthquakes/  (The  shore- 
cabie  has  subsequently  failed).  (3)  The  physical  processes 

esti'mflt  ear^h^Jake?  miSht  damage  submarines.  We  made  preliminary 
estimates  of  the  size  of  the  effect;  we  surveyed  the  applicable 

spflnn^Ure  ’  and  lnl^lated  an  important  theoretical  study  of 
seaquake  pressures  by  Dr.  Paul  Richards.  Y 

The  present  report  completes  work  on  subject  contract  with 
presentation  of  a  Submarine  Hazards  Chart.  Although  a  hazard 

out  t^h1011  6  Wlti°Ut  exPerimental  data  on  seaquakes  may  turn 

out  to  be  wrong,  it  does  seem  important  to  produce  a  tentative 

motion  LhrVaSed  -rthquake  statistics*^  thl  Tagel  Ttrong 
M£thm,»wiV  cont;ne,?tal  earthquakes,  and  current  models  of 

o?  «le  Hkelihood  ”^anlsma-  The  cha«  g^es  statistical  estimates 
^  °d  That  a  submanne  will  experience  a  20%  change  in 
f^P  nt  depth  during  a  year  of  submerged  operation.  Conversion 
factors  for  other  pressure  changes  are  also  given.  Lonversion 


A  ROUGH  HAZARD  CHART  FOR  SUBMARINES  IN  EARTHQUAKE  ZONES 


Abstract 


0/  liken  hood  t.h*t  a 


submarine  will  txperUnc*  significant  increase 
beciius;/:  tjif  earthquake .  The  chart  has 
for  20%  pressure  increase,  lasting  for  about  1 
presented  for  converting  to  other  pressures. 

Introduction 


ap|  =:  eri  I.  jepth 
been  caicuiarea 
sec.  Factors  are 


Although  an  extensive  literature 
of  earthquakes  on  surface  ships 
there  is  little  if  any  published 
tnjbipotippd  submarine  near  in  oart 
■  E  i  V/Q  )  indicate  -|;a-  i  he 

pl  h  i nc r e a >i e  of  a [ . pro x  i  jna t -•  .  y 

JInaLiy  settled  bach  t  j  normal  w 
'-iur  set-nmis*  The  reeponii;  char 


exists  regarding  observed  effects 
(Richter,  1958),  (Rossi,  1969), 
information  on  what  happens  to  a 
hquakr.  if  -in  unpublished  letter, 
gauge  vy  ilenl  y  showed  ;i 
^  ^ j  i  redurf'iil  depth,  and 

^■hjn  .q  mtaj  rime  of  lest  than 
I  tiiriat  te:-  -4  ;t,r-  depth  gauge 
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were  not  described,  but  the  actual  pressure  excursion  wa:- 
pi obably  larger  than  the  gauge  indicated  since  the  gauge  was 
probably  overdamped. 

The  reason  for  the  pressure  pulse,  ran  be  described  qualitatively 
in  simple  terms;  but  an  accurate  quantitative  statement  cannot 
be  given,  even  in  statistical  terms,  because  few  accelerograms 
showing  motion  near  to  earthquakes  are  available.  Estimates  of 
earthquake  characteristics  made  earlier  in  the  contract  were 
based  on  discussions  with  Dr.  James  Brune,  and  on  a  number  of 
theoretical  and  empirical  relations  for  seismic  motions  (Aki 
1967,  1968),  (Bradner  1962,  1963),  (Brune  1968,  1970),  (Bath 
and  Duda  1964),  (Fedosenko  and  Cherkesov  1968),  (Haskell  1969), 
(Kanai  1961),  (King  and  Knopoff  1968),  (Newlands  1952),  (Press 
1965),  (Richards  1971). 

The  present  estimates  are  based  on  engineering  tables  of  expected 
accelerations,  areas  affected,  and  other  earthquake  character¬ 
istics  m  a  recently  published  book,  Earthquake  Engineering 
(Wiegel,  1970).  Though  this  book  provides  the  primary  data  for 
the  present  hazard  calculation,  other  literature  will  also  be 
cited  where  it  may  have  importance  in  more  refined  future  cal¬ 
culations  of  hazard.  The  engineering  data  show  a  rapid  fall-off 
of  acceleration  with  distance,  and  hence  imply  that  the  hazard 
to  submarines  may  be  smaller  than  estimated  early  in  the  contract. 

The  reader  is  referred  to  chapters  1  and  4  of  Wiegel  for  background 
information  on  earthquake  waves  in  the  vicinity  of  the  earthquake 
source,  and  the  character  of  strong  ground  motion. 

Strong  motion  earthquake  information  is  being  extended  rapidly 
(largely  by  work  out  of  California  Institute  of  Technology  by 
Housner,  Hudson,  Trifunao  and  others).  Present  results  indicate 
that  accelerations  may  frequently  be  greater  than  the  pred¬ 
ictions  of  Wiegel  (1970).  The  hazard  to  submarines  should  be 
reappraised  in  one  u’  two  years  when  a  large  number  of  strong 
motion  records  will  have  been  analyzed. 


Calculation  of  Hazards  Chart 


The  calculation  involves  four  main  parts,  (1)  The  ground  accel¬ 
eration  spectrum  vs.  distance  and  earthquake  magnitude,  (2)  the 
water  pressure  vs.  depth,  acceleration,  and  oscillation  frequency, 
(  )  the  statistics  of  earthquake  occurrence,  (4)  the  combination 
of  the  first  three  parts  to  produce  the  hazards  estimates.  The 
steps  will  be  discussed  in  this  order. 

The  reader  is  cautioned  that  the  calculations  are  very  rough. 

We  feel  that  the  resultant  Tentative  Hazard  Estimates  may  be 
accurate  to  a  factor  of  two  or  three.  They  are  probably  not 
wrong  by  a  factor  of  five. 


2 


1 .  Ground  Acceleration : 

Qualitative  Argument  -  Acceleration  vr>.  Preasur^ 


When  a  vertical  compress ional  wave  passer,  through 

element  of  fluid  effect: ively  inrreaseB  or  tleci  a  ,  Jf’ acfel- 

in  proportion  t°  its^vertacal  ‘  appear  25%  heavier 

than^t  s^static  weight.  If  the  wavelength  of  the  compressional 
wave  is  greater  than  the  depth  of  the  submarine  (a  common  sit¬ 
uation  in  a  seismic  wave)  then  the  whole  column  of  water  above 
the  submarine  is  accelerated  upward  at  the  same  time,  and  t 
submarine  can  be  subjected  to  a  large  increase  in  compreSal^n^ 
force  In  the  numerical  example  given  above,  the  1/  g 
acceleration  would  increase  the  pressure  on  the  submarine  by  25%. 


Quantitative  Argument  -  Accelerat io_n 


ThP  increase  of  pressure  on  a  submarine  at  any  depth  could  be 
calculated  if  the  earthquake  acceleration  spectrum  at  that  depth 
SeJe  known.  Housner  (in  Wiegel,  chap.  -)  discusses  existing 
measurements  of  strong  motion  ground  acceleration  emddescrlb 
the  accelerations  qualitatively  in  terms  of  the  earthquake  mag 
nitude,  fault  slip  dimensions,  and  distance. 

In  Table  4 . 3  of  Wiegel,  Housner  tabulates  idealized  maximum 

ground  accelerations  and  d^^5I°ofi ^heTpresent  paper!  housner 

Itatesab'iAlthouJhrtheCmaximum  ground  accelerations  decrease  with 
distance  £om  ?he  causative  fault  .  the  rate  ^decrease  i^rel-^ 

atively  small  over  a  lists  idealized  maximum  ground 

accelerat  ions^  inline '  vicinity4 of  --ive  faults  for  earthquakes 

of  various  magnitudes".  Housner  indicates  ^at  tas  values  are, 
in  general,  on  the  high  side;  but  subsequent  data  from  the  19  1 

San  Fernando  Earthquake  indicate  tha j  Housner ^ 

chart1  in*  preparing1"  th^hazards  since  that  was  the  most  complete 
engfneering  appraisal  of  strong  motion  earthquakes  available  at 

the  time. 

Table  4.4  of  Wiegel,  Housner  shows  the  area  in  £cel- 

square  miles  that  would  experience  a  given  percent  of  g  acc 
elation,  for  various  magnitudes  of  earthquake.  This  table  is 
reproduced  as  Table  II  of  the  present  paper  The  magnitude 
entries  are  interpreted  according  to  our  Note  1  on  Table 


Housner  also  displays  some  observed 
Chapter  4,  and  discusses  qualitative 
for  various  sizes  of  earthquake.  In 
"Although  there  is  not  a  rich  supply 


earthquake  spectra  in 
ly  the  shape  of  the  spectrum 
section  4.6,  Housner  states 
of  recorded  ground  accel- 
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(•rat  ion:;  of  d«*st  met  ive  earthquake  ,  there  arc  enough  r<  cord  i  ngs 
to  indicate  general  t  rends  related  to  mag.n  i  tmlo ,  distance  from 
fault,  etc.  Idealized  earthquake  giound  motions  can  then  bo 
described  that  will  portray  the  general  rharact crist ics  rd  the 
earthquake  problem,  n  a  probability  scris<  .  The  recorded  ground 
accelerations  have  been  obtained  mostly  on  relatively  firm  deep 
alluvium,  so  that  the  idealised  earthquakes  described  in  the 
following  paragraphs  are  representative  ot  ground  motions  on 
such  ground.  Actual  ground  motions,  of  course,  may  deviate  1 rom 
the  idealized  motions." 

Bolt  (in  Wiegel,  Sect.  1.3)  shoves  that  1  low-rigidity  surface 
layer  can  increase  the  amplitude  of  ground  motion  by  a  large 
factor.  He  calculates  as  an  example  that  a  100  meter  thick 
layer  of  alluvium  over-lying,  shale  bedrock  will  increase  the 
amplitude  of  a  3Hz  compressional  wave  by  a  lac  tor  of  about  five. 
Brune  (personal  communicat ion )  notes  that  the  situation  is  com¬ 
plicated  further  by  the  question  of  whether  the  ocean  bottom  in 
a  particular  earthquake  is  immediately  against  the  faulting  rock 
or  is  separated  from  it. 

Although  liousner  states  that  the  largest  acceleration  recorded 
in  the  United  States  dui ing  an  earthquake  of  large  magnitude 
was  0.33  g,  accelerations  in  the  order  ol  1  g  have  been  observed 
in  other  earthquakes*,  and,  in  fact,  an  acceleration  of  1.2S  g 
was  measured  during  the  1971  San  Fernando  earthquake  (Jennings, 
1970)  after  Housner's  chapter  was  published.  Comparative  data 
on  several  large  earthquake  accelerations  are  presented  in  Table 
III  (Data  abstracted  from  Table  4,  p.  13S,  of  Jennings). 

A  number  of  attempts  have  been  made  to  develop  empirical  or 
theoretical  descriptions  of  earthquake  motion.  Kar.ai  (1961) 
presented  an  empirical  formula  for  the  spectrum  of  strong  earth¬ 
quake  motions,  taking  into  account  a  surface  layer  over  a  semi¬ 
infinite  medium.  He  assumed  that  the  spectrum  of  ground  velocity 
without  the  surface  layer  is  constant  between  about  10Hz  and  a 
lower  limit  that  depends  on  the  earthquake  magnitude.  Aki  (1967) 
assumed  a  flat  spectrum  of  ground  acceleration,  in  developing  a 
scaling  law  of  seismic  spectrum  for  distant  earthquakes.  Brune 
(1970)  describes  near  and  far  field  displacement-time  functions 
and  spectra  by  considering  a  simple  dislocation  model  of  earth¬ 
quakes.  The  theory  implies  a  flat  acceleration  spectrum  for 
periods  shorter  than  a  characteristic  time  t  which  is  the 
order  of  the  dimension  of  the  fault  break  divided  by  the  shear 
wave  velocity.  Brune  (private  communication)  indicates  that 
the  spectrum  can  be  taken  as  having  an  upper  limit  cut-off 
about  10Hz.  Brune ' s  theory  seems  to  be  generally  accepted  as 
giving  an  adequate  description  ot  earthquake  motion,  when  attenu¬ 
ation  due  to  spreading  and  dissipation  is  taken  into  account. 

The  dissipation  (Q  approx.  200)  causes  actual  earthquake  accel¬ 
eration  spectra  to  be  peaked,  except  at  locations  very  close  to 
the  source.  This  point  will  be  discussed  later,  in  considering 
the  effect  of  acceleration  spectrum  on  the  change  of  pressure  vs. 
depth . 


In  .i  remarkable  pup»*r,  Richards  (!‘lVl)  has;  developed  i  theoret¬ 
ical  expression  for  the  pressure  that  will  be  produced  by  i 
large  class  of  'Mrtliqu.iko  fault  rupture*,  under  the  ocean.  His 
treatment  is  exact  tor  a  solid  boundary  und>*r  a  fluid  halt  space 
He  has  calculated  that  the  maximum  pressure  pulse  on  a  deep  sub¬ 
marine,  from  a  rupture  according  to  Hrune'i;  model,  will  bo 
equivalent  to  a  depth  increu  ..*  ot  bbO  I  •  .  This  maximum  pressure 
can  be  produced  by  moderate-si  fed  earthquake  ,  since  according 
to  hrune'i  model,  the  energy  release  per  unit  ar<*a  ol  fault 
rupture  it;  nearly  constant,  l.urye  earthquakes  imply  the  rupture 
of  large  fault  area  ,  and,  there*  ore,  will  produce  the  pressure 
over  largo  region:  of  the  ocean.  Ricluti  -Is’  tlieory  can  b*  ex¬ 
tended  to  include  the  case  ol  a  ubmarin*  near  the  water  surface 


.  Water  Pressure  Due  to  a  Seismic  Wave 


Consider  a  vertical  plane  wav<*  trav*  ling  throigh  the  water  and 
reflecting  iron  a  smooth  air-water  interface.  In  steady  state, 
the  acceleration  a*  any  point  in  tin?  water*  cat.  be  written  as 
the  sum  of  the  upward  and  downward  waves, 

«  =  A  cos  (*.  i-Mi)  ♦  *.  •  A  cos  (u,t  ♦  kh) 

=  7m *  A  ••(.*)  cos  ( f ).) 


T’l 

*  • 


i  is 


can  be  t  ew*  i t  ten 


in  terms 


the  ,ur:a 


u  s  uQ  1.05,  ( r  1 1 ) 


a reel  oral  ion  * 

o 


The  pressure  at  any  depth,  li,  in  be  viewed  is  the  weight  o:  the 
column  of  fluid  d  ove  )i.  Upward  icceler.it  ;cn  o!  an  element  of 
volume  dv  and  density  n  is  exactly  equivalent  to  an  increase 


apdv  of 
pressure 

its  weight. 
Ap  at  a  h-j 

Hence  t 
>th  )l, 

h*"*  plane  wive  will  produce  a 

Ap 

*  r 

<>a  Hi 

*  h  = 

0 

:  0!«n 

s  i  n  ( V  h )  /  V 

The  hydrostatic  pec  ure  at  h  is  prh. 


Ap/p  =  i  sin(kh)/cHi 


Thu:;  near  the  surf  ic>* ,  the  f?  i  ti'nul  in  re  i  »•  in  pressure  in 
equal  to  the  iracional  r  i  *e i«m*  » t  ion .  At  rr^ater  depths 
the  ^*1  feet  is  reduced  bv  th*'  la-tor  sin(kh)/kh. 


Seismic  w  iv**s  will  travel  n**ar!v  vert  ic.i  i  1  v  in  tin*  ocean  In  r  i  i  e 
o!  i  ho  ref  t  act  i  >n  pr  hicod  bv  t !»•  •  l.wy.**  d i :  1  cr*- ncc  in  wound  vt  - 
In  itv  in  water  vs.  ocean  bott  >m  t  ick  .  Tin*  «ilict  cl  this  non- 
Vdfriic.il  component,  and  'I.**  ^tl**ii  o*.  <  a  r.urf.ic*  tour.hn**:  .  car. 

both  be  shown  to  be  small.  !*ot*»ir» i :»j*  ••fleets  ol  I i video l  wurth- 
quak**  by  ore m-bot  tom  inho»o(*.ui**  i  t  i  *  .  r  ay  L**  1  ir»**  ,  but  ir*  nr  t 
thought  to  rhan»-,»*  the  t  it  i  tic.il  rendu:. ion:  of  thd  stuiy  very 
much. 

The  ha  pc  t)l  Mi*  sei  mi  pe  1 1  ur  wil.  a! Sect  t  h*  depth  it  which 
the  .in(kh)/hh  t#rm  Incomes  iif.pi  tt.int.  if  ftruus's  flat  a<  cel- 
oral  ton  spc'trus.  with  10  H h i i* ! i  !  requeue;.-  out-off  iw  asiun.ed, 

.  .  ...  •  .  .  •  .  ,  ;  n  ( k 1  ) 

without  dissipation,  then  th**  :of  • . lion  latot  of  y.j'  —  qw  is 

ippr  xirr.atoly  0.**  lor  a  rwhimirin*  it  10  !*.  d**p:h.  How**v* 

act  i  ->b  erved  e^rthquwM  *cc#l*f*t ion  *.perMri  arc  not  flat. 

The  spertrun  o!  th*  1971  Smi  !‘<*r:i  in  !r  *-art  hq  :  th**  ( J'uinin***  ,  j.  18) 
was  j  ••  il  e  i  shat  pi  v  between  ? . 1  in!  »,s  Ht .  Ais  ,  it.  nr  out  of  the 
six  rpct'tr.i  ih own  i:i  Wiop.ol,  ;*p.  ?S-B|  w#r f  ;*  il*u  'hirjly  between 
JBboul  ?  .in:  *  lift.  Tlrtl  si:*.**  r:  !  h**  pr**»ur>  puj  f  it  LOO  ft.  !f*pth 
iron  tip:A  specra  will  onlv  he  r**  !■:  -i*<!  ?0%.  Till**  !V  shows  cal- 

•i  1  i :  1  Valin's  of  i:t(hh)/kh  tci  i  n  :*iber  o!  t  epreseni.it  iv**  depths 
ind  fPiquf  ride*.  in  f  fet  ihseie*  i  f  mr  in!  *  :  r-.  i*  Soft,  a  cor:  ©  t  ion 
:  ii*»ji'o  o!  .  6  will  be  arbitral*  .  v  i  * '  ;•  t  I  for  ill  **.*5  in  the 

5  inr  i  cm! col  it  ion. 


.  rarth-iuakc  .'It at  i j. t  ies 


7*.e  »*i  und  i  *•.  1-  rat  i  n:  .hewn  i.o  Ta:'.***  I  : i  if  imply  thr 
•  hiilow  *j#ii  *  hsu  i»-e  :  yichtej  ripd*  .  t.  a:.!  .ik*v«  nisi  L  • 

or.*- *:••:>•! .  (Thi*  r,  i  ,.*n  i :  i;  >  will  hiivAftr:  !  •'  liiTfttl  as  Kt  ..) 

• 

riiili'w  «*  art  ftquju  **.  :  ir.arn  i  *  sir  !•'!«.  .’n  !!,  in!  !'..  l  m--  also 


five  1  I*  .•*•  •  :<  i.* i  **ler  i:  ion 
t  me**  o:  i  f  >*v  - ;  . 


•  .  s 

present  <  .\u.:ar-!  out  l ~  iiu- 


Th*  1  ;*••  of  *•  i!  th  t  .  if  ••  0*1  i  ltd  !  v  1  5-  .'e»*r*  ••  .a*  i  *  ud*  in  ! 

lonc.it.!*;  int**:val  !  it  t!.c  Worl  !  '‘•’irmicity  "up-  ( Hara/ai.,* ; 
an!  !  ■or.ir.,  1  *fl1)  Id  t*re:i  us«d  *  find  thi  number  ol  ASu*  Z  low 
e  i**th  pti'p**'-  ir.  e  i  *  h  1  i-  !•')*:•  e  j  .  ije  of  lit  i’n!.  in!  longitude 
•lurin.*  l  *“even-V'*s?  period,  tv  r  nan  (personal  ■  r.r.  u.ieat  ion) 


in  !i  at*-** 

•In* 

*wt .  1  1  • 

he  !r;  *.  h  -  ap. 

1  1  or  i :  i or.  a*  •' 

if  i  idem  i y 

i  cur  15  e  , 

t  h** 

-  ir.n  i  t 

u  !••  t.j?  J.. j  i'- 

c.inr.  *  !>•  in*,  erred  accural** .  v 

It'  *t  *  ||0  *•» 

.*  1* 

i .  ! i 

:.V  •*  i:  *.!i'p; 

o!  i'..,  u.  .  ever. 

•  •  %* 

•*S  'it 

#.o*  •  •  ;  *  i  • 

,  1  • 

•  i  :  •• 

•  • } . .  •  •’  >..*•• 

.  ...  «  •  .*  .  . 

•pi  * !  cl  ,**...•  ,* ; 

n  rati  *.:• . 

:  h*  I  .  *  !  e  , 

•  1  . 

1 

• 

1  •  * 

!  ••  ir* !»  . . 

ha;  !  •■’••n  .  ,  1  o: 

.*/  *.  c  determine 

i  •*  1  r  i  v*  n 

.**  1  • 

:  i ; 

!  i  i  *w  u  *  *.  . 

<i  it ...  j  r.  !  h**  1  0- 

.*r.:-ee  squares. 

Th-  •  i*  : 

*  i 

?»  IV' 

.  •  •  r.  rs  *  * 

,  in  J  ■ :  r  i,  ni  * 

h  di si i  I- 

!  *;*  : r'*i  h  « 

1  ^** 

n 

.  i*  1  i  *‘u*lit.i* 

5  -  5  1  ••  (Vi*.  enl»*iv 

and  Hi  hint 

f  i fares  (1 

»*  S) 

jVp  w 

r  !  Iw  r  d»*  y.«  u  , 

y  n  isi  -Tr  :  rha! 

low  earth- 

quskttR ,  (Tthli  V).  Th**v  Ji  w  t  *.varly  :iua!  <*r  **:  "lTl  shallow 


r 


.rthquales  of 


ft 


it  t  il 


I'CwpiU'^*!  with  ?l,7*d  ltt  ill*"  1 1 
Map.  The  (ilffcrwrs#  5  i  . 
quak*»R  Ui.il  w.fiv  ns!iM>«d  1>  th 
assumed  that  the  true  corn  *• 


,pi  *.'*,*<  j  it,  •  even  v*  *ii  R 

.  *  j  t  Ui**  ^iii  w  t  !*t  *•  I  *  y 
1  to  |»o  Jl|.  '  -■  'll  KP  Mt'.lr 

t  (  Jifcfi  {«’  ||r.  |  U  t'  k  •  »l  l  ‘  l  I  M  * 

|  fuifcb* f  t)l  eat  5  hqua^ef,  f  I  ft  * 


in  i  10-degree  square  is  '*»,*»  1 
and  further,  rlwrt  the  trm*  cot  t 

-  Mm  ,  i*  70.7/?  1  *7$o  i  !»•*“  th*  lUt*i  m.fti*»i  uf  ftrcM***** 


j  ,7 U0  *-  l**’»  lh*  11*1*4  n  *&**  . 
t^S  rntr'^t*  Kt  rdt  ill  a  of 


ft 


n 


‘7.b 

(five  Table  V). 


Gut enl.erg  and  Kichter  glv*  in  vapifin  1  Ian  for  H»#  **r!*l* 

wide  yearly  nurd  er  of  shallow  ifepofe «  .  The  pfllMt  i»tudy  »iif» 

.i  slighrly  different  relation  !  i  sh**  nuad«i  n  of  earthqi.ak** 
per  unit  magnitude: 


In  n  i  l/.S1  -  2 . 0!»  K 


which  fits  tie*  region  above  }!,  vcrv  well,  a*.  .hewn  in  ©oluiwi  * 
of  Table  V. 

The  total  yearly  number  of  shot t  in  any  aMitnitude  interval 

M,  -  H.  will  then  be  M 

a  b  (  •  b 

s  „  f,  \t.9b  -  i.  ... 


This  empirical  relation  liar,  been  used  to  oil  ul.it*  the  relativ* 
numbers  of  shocks  in  the  hal 1 -magnitude  ranges  ot  Table  II. 
Table  VI  shows  the  result  of  multiplying  tl»**L«*  relative  numbers 
of  shocks  by  the  areas  affected,  and  thus  is  indicative  of  the 
relative  probability  that  an  area  will  experience  a  given  arc*  i 
oration  during,  a  year.  Hot*  for  each  level  of  accelerat  i?n, 
that  the  contributions  from  the  different  magnitude  earthquakes 
are  quite  similar. 

The  last  two  columns  of  Table  VI  show  The  ratio  of  total  area 
affected  by  all  earthquakes  to  the  area  affected  by  earthquakes 
of  M-  -  M?  s  and  by  earthquake*,  of  h  -  M  ,  respectively. 


4 ,  Hazard  t'rtimaics 

Hazard  char'ts  are  presented  in  Jirur*.  1  ind  ?.  These  are  the 
Barazangi  and  Dorman  (19Cj,  1*M0)  chart*  overlaid  With  nunbci  s 
that  show  the  calculated  percent  probability  that  a  submarine 
will  experience  a  20%  pressure  chaiiga  during,  one  year  of  submerged 
operation  in  seismic  regions  that  are  shown  as  dense  areas  of  dots. 
Regions  of  less  than  1/2%  probability  are  not  marked. 


The  Barazang,i  and  Dorman  seismicity  charts  are  based  on  a  seven- 
year  length  of  observations;  an!  therefore  are  not  truly  represen 
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irtUv.  ©I  Itmrf-i •*(  m  >«*i  v*i «* i !  y  in  i  p„,ut.  of  th-  world.  Th# 

'  •*  '*  *  k  *V  •'  l*P*  **'  *  «!»©£.  1 1 1>  i  .  1  v  high  •troniut  thr  west*  in 

lip  r*l  th*  Aleut  Un  tHMiji  SH'rtir-  of  th.*  Fat  UUud  earthouah.  .  . 
Th"  ioiitf  t*r*  -"I  ni  activity  .t«  wu:».j  Japan  m,.y  |»«  roughly  > 
Uitor  of  Utrff  hirh-r  U  an  it  wa*  during.  the  1  n  6 1  - 1 0  6  7  p.-riol. 
'•'**  activity  J  Ch.il #  £ t*  reported  to  h*>  sporadical ly  hirh, 

w!:h  extended  q*.fe»  period*.  1  r« f  1  - 1  r> 7  w.r.  «  qui#t  p.  :  iod.  ' 

.h"  .r  tj*spt  ionts  taa  Se  in  ca lent  1  a :  i np  thr>  .di.it  t  are  listed  briefly 
If’tv :  3 


t)  Th"  worl'twi  !•*  number  o:  -.hallow  earthquake!-.  i:,  corrwrtly 
rlv"h  by  T*t#nberr  and  Ficht«r  (1PSI). 

?)  T.i«*  fnapnitub*  dir.t  rihut  ior*  ev#rywh#r#  follow*  th**  rei- 

•u  ion,  in  n  *  17.80  -  ?.00  K. 

7)  The  harar.angi- Dorman  (1M9,  1970)  tabular  ionc  ol  earth- 
;ua».es  at"  valid  in  location  and  lepth,  hut  not  in  magnitude  or 
total  number.  Many  "art  hquake.-,  >:  \\  and  ware  oni  t tod . 

*•  J 

.  4  ‘  ^  1  bur  i.nr.p  i-Dorm  in  shallot;  earthquake  distributions 

tt;  .  "-f  la t  i  t udo- 1  any i tu  le  region.-  can  bo  corrected  bv  applyinp 
(1)  uxi  (?)  to  therr..  51 

)  The  area  cover.*  1  by  pro  m  1  iccelrrvit  ions  ol  dil  feront 
•'** *  t'ntaftfs  of  i*  i •;  correctly  given  by  Housner  (in  Wiepel  , 

*  ).  (  or  discussion  below). 

f  )  i  «ie  i  c  1  a  i Vt»  total  at  iz  a  1 1  cc  t  e  .1  at  d 1 1  f o re n t  1  eve  1  s 
ground  acceleration  can  In  obtained  by  combining  (?)  and 
(M,  to  get  Table  yj. 


7 )  The 
ration  can 
e irt hquake* 

r a* to  ! actor 
e  -irthquakes 


total  urea  a l I ec ted  at  any  one  level  of  gound  accel- 
he  found  by  calculat  ing,  the  actual  area  affected  by 
of  to  ,  md  itml  t  i  plying  by  the  appropriate 

tn^#  tl  ie  VT .  The  .line  procedure  will  work  with 
Oi  Ug  to  b  g  ^  r  ,  bit  with  pi'obably  less  accuracy. 


8)  The  submarine 
champs  in  depth  equal 
(Tee  discussion  below) 


will  -  ::pt  ri  "nc*  an  efiec4ivo  fractional 
to  POt  of  t  h'.'  f  rvic t  ion.il  g  acceleration 


*  ^  P*  i  l  i  t y  oi  oxpor  irnri nr.  such  i  pressure  pulse 

‘  1>m1  to  me  ratio  of  affected  area  to  the  oceanic  irea  of  hirh 
j.*i  hi  ity  in  the  10*  latitude—  ongi* ado  region. 


is 


Id)  The  hazard  is  taken  to  be  th.'  probability  that  a  sub- 
s"-’r*cd  submarine  will  experience  at  I-ast  ?0°a  increase  in  pressure 
at  .,otpe  t  irac  hiring  one  year  o!  submerged  operation  in  the 
immediate  region  ol  high  o«ismi.  activity. 


11) 


An  nr.-.i  of  hiph  seismicity 


is  considered  to  be  a  region 
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with  a  concentration  of  earthquake  epicenter  dots  on  the  chart. 
Operation  100  miles  outside  a  well  defined  area  of  high  seis¬ 
micity  will  reduce  the  hazard  to  a  negligible  value.  (See 
discussion  below). 

12)  The  hazards  of  other  values  of  pressure  increase  can 

be  calculated  by  multiplying  entries  in  Table  II  by  Table  VI. 

13)  The  probability  of  a  20%  pressure  increase  in  any  10° 
latitude-longitude  square  will  be  taken  as 


where 


Hazard  =  TNi<Ar-f 
FS 

T  is  time  of  submerged  operations  (in  years) 

N  is  uncorrected  number  of  earthquakes  of  0-100  km 
depth  per  seven  years  in  10°  latitude-longitude 
zone;  from  Barazangi  and  Dorman.  (See  assumption  3) 

K  is  correction  factor  for  converting  N  to  the  true 
number  of  M?  -  M?  5  earthquakes.  (Taken  as  70.7/ 

21,780.  See  discussion  below). 

A  is  area  that  will  experience  an  acceleration  of 
>  0.25g  from  an  earthquake  of  My  -  My  (See 

Table  II  and  assumption  5). 

r  is  ratio  of  total  area  affected  by  all  earthquakes, 
to  area  affected  by  earthquakes  of  My  -  My^.  (See 
Table  VI  and  assumption  6). 

f  is  fraction  of  seismic  events  of  10  zone  that  occur 
in  the  ocean. 

F  is  fraction  of  10°  zone  that  shows  seismic  activity. 
(See  assumption  11,  and  discussion  below). 

L  is  latitude  of  the  zone  (for  calculating  its  area). 

S  is  area  of  10°  latitude-longitude  zone  at  equator. 


i-  Discussion  of  F actors  Used  in  Hazards  calculation 

(Assumptions  5^  8^  11  and  12 ) 

Ground  Acceleration  (Assumption  5) 

Table  II  has  been  used  for  ground  acceleration  in  this  hazards 
estimate.  It  is  thought  to  present  reasonable  values  for. 
expected  accelerations  from  undersea  earthquakes,  though  it 
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U^hhiihed;r^cJ;i°rT'rha'  '"iRht  “  Note, 

c^ur^-sr- in  thc 
spyyas  sr&zs. 


El  Centro 
large  as  extra- 


Correction  Factor  lor  Submarine  Depth 


(As "umption  8) 


?he  correction  factor  7^  Part.of  this  P^r  emphasized  that 

»p.«™au^y°fh«,%^ariH^™r‘ ,: -«ioi5^s?^rel?h"esSe™d 

Si^-sisSEs?,  »!»W« cal* 

operation.0^  pn**Ure  be  to°  ’“nservaaif  ln  deep^ubmSe 


Region  of  High  Seismicity  (Assumption  11) 


m  ocean iand°the efractione of S the  ?0iB°  ^—.^hat. occur  in 

r:;r«  .«*■  \i  ?Fr*?  W-Srs* 

“&!*•  s*?*2 

factor  of  two  in  some  zones  of ’moScr^^Lard.  ln*eCUrite  to  * 

estimated  ?n  ^ig-  ^ismicity  in  latitudes  above  70°  North  were 
Arctic  map!"  *  Slmilar  Wa*  the  Barazangi  and  Dorman  Q970) 


Probability  of _OthPr_Size  Pressure  Increase  (Assumption  12) 
Hazar^est imates  othe^pJessu^s  •  'iV  2°t\£pth  C!^e: 

byaL°A825quakri,f?Ljf  nla^ft  i)yt  rltipi;^  U>e^^aecoJe?ed 

last  column  of  Table  VI  Tie  r|.‘  t  i  appr°pr  iate  entry  from  the 
to  give  the  following  conversion  r-i?  V?luc?  have  been  normalized 
effective  depth  changes  than’20%-  '  '  ^  ha::ard  of  dlppercnt 
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To 

find 

hazard 

of 

12% 

pressure 

increase , 

multiply  chart 

f igures 

by 

5.4 

1! 

11 

II 

II 

2  0% 

ii 

ii 

11 

II 

II 

ii 

1 

If 

11 

It 

It 

24% 

it 

ii 

II 

11 

II 

ii 

0.4  5 

1! 

II 

II 

II 

2  8% 

it 

ii 

II 

II 

II 

ii 

0.18 

11 

II 

II 

II 

32% 

ii 

ii 

II 

11 

11 

it 

0.04 

Bruno’s  theory  would  imply  a  loss  rapid  fall-off  of  acceleration 
with  distance.  For  conservatism  the  last  entry  should  be  increased 
to  0.1  or  0.2  instead  of  0.04. 
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TABLE  I 


MAXIMUM  GROUND  ACCELERATIONS  AND 
DURATIONS  OF  STRONG  PHASE  OF  SHAKING 


Peak  acceleration 


Magnitude 

(*  g) 

5.0 

q 

B.  5 

15 

t>.0 

2? 

C.5 

2" 

7.0 

37 

7.3 

45 

8.0 

50 

8.5 

50 

Duration  of  strong  motion  (sec) 


? 

6 

12 

IB 

24 

30 

34 

37 
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TABLE  II 


AREA  IN  1000  mi2  COVERED  BY  GROUND  ACCELERATION  (%  g) 


Acceleration 

5.0 

5.5 

6.0 

6.5 

7.C 

7.5 

8.0 

I  5 

0.4 

1.6 

3.6 

6.8 

13. 

28. 

56. 

i  10 

0.6 

1.6 

3.6 

7.6 

14. 

32. 

1  15 

0.6 

2.0 

4.4 

9.6 

21. 

_>  20 

0.9 

2.5 

6.0 

14. 

±  25 

1.3 

4.0 

10. 

>_  30 

0.25 

2.0 

6.4 

1  35 

0.6 

4.0 

>  40 

1.2 

Note  (1)  M  7.0 

is 

taken  to 

mean  the 

magni tude 

range 

7  -  7.5, 

etc. 
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TABLE  III 


Peak 

Acceleration 


Earthquake 

Magnitude 

Distance,  km 

_£ _ 

San  Hernando  1971 

6.1 

r 

1.25 

El  Centro  1940 

6.4 

10 

0.33 

Par! field  i960 

6.5 

0.2 

0.55 

hoyna,  India 

6-  6.3 

b 

0.63 

TABLE  IV 

CALCULATED  |  -}1  CORRECTION  VALUES 

^  II 

FOR  VARIOUS  DEPTHS  AND  SEISMIC  WAVE  FREQUENCIES 


200 

1 

1 

0.3 

O.B 

500 

1 

o.« 

0.5 

0.2 

1000 

0.7 

0 . 2* 

0.2* 

0.2 

••'The  first  zero  of  ^ 1  n — )  occurs  between  2  and  3  Hz  ,  at  a  depth 

h  h 

of  1000  ft.  It  lies  beyond  4  Hz  at  '>00  tt  depth. 
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TABLE  V 


frequency  of  occurrence  of  shallow  earthquakes 


magnitude  Range 


Number  of  shocks  per  year 


Calculated 


Number 


(l) 


vJ  - 

*T 

«# 

o 

o 

o 

50,000 

4  - 

5 

r  ,7oo 

6,500 

b  - 

6 

900 

800 

b  - 

7 

108 

106 

7  - 

7.8 

13 

13 

3/4- 

8.7 

O  "t 

3.3 

7  - 

7.5 

10,1 

O)  Number  of  shocks  has  been  calculate  by  the  empirical  relation 

In  n  =  17.8b  -  2. Ob  M. 

ltu=  differs  from  Gutters  and  Picl, tor's  roiatior  hut  fits  their  tabulated 
values  Letter. 


•  HULL  V  i 


relative  total  areas  affected  by  earthquakes  during  7-year  period  n> 


Acceleration 
%  of  g 


■Magnitude 

6.5  7 


(  2) 


Ratio  of 
total  to  M 


Ratio  of 
total  to  M 


- 

15 

9.6  5.6 

4.4 

3.4 

2.7 

4.7 

6.  C 

— 

20 

2.5 

7 . 5 

<  >  <• 

1.9 

3 .  f 

5.3 

25 

30 

1.3 

1.4 

1.3 

3.1 

3.1 

0.7  5 

0.  7 

0.92 

7.1 

2.15 

35 

4  0 

0.3; 

’  0.51 

— 

1.4 

0.16 

— 

1 

(1) 

Norma  1  i  zv 

to  a  value  of 

* 

or  0. 

(2) 

.  r  ac<  i 

■’ nation  from 

My  quake. 

Hagni tude 

7  means  in  the 

magnitude 

mnre  7 

-  7.r,  etc. 
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Earthquake  Hazards  Chart 


Fig  1 


rig  2 


Calculated  probability  that  submarine  will  experience 
20i  pressure  change  during  one  year  of  submerged  oper¬ 
ation.  Calculations  are  based  on  world-wide  seismic 
network  observations  for  1961-1%?.  The  23%  value  near 
the  western  tip  of  the  Aleutian  chain  is  anomalously 
hign  because  of  the  Rat  Island  series  of  earthquakes. 

The  2%  and  3%  values  near  Chile  and  Japan  are  anoma¬ 
lously  low  compared  with  long-term  observations  in  those 
regions . 


Earthquake  Hazards  Chart  -  Arctic  Reqi 


on 


Calculated  probability  that  submarine  will  experience 

CO  pressure  change  during  one  year  of  submerged  oper¬ 
ation  . 
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GREENLAND 


90°W 


120° 
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